Abstract: Sustainable use of natural resources in the production of construction materials has become a necessity both in Europe and Turkey. Construction products in Europe should have European Conformity (CE) and Environmental Product Declaration (EPD), an independently verified and registered document in line with the European standard EN 15804. An EPD certificate can be created by performing a Life Cycle Assessment (LCA) study. In this particular work, an LCA study was carried out for a refractory brick production for environmental assessment. In addition to the LCA, the Life Cycle Cost (LCC) analysis was also applied for economic assessment. Firstly, a cradle-to-gate LCA was performed for one ton of magnesia spinel refractory brick. The CML IA method included in the licensed SimaPro 8.0.1 software was chosen to calculate impact categories (namely, abiotic depletion, global warming potential, acidification potential, eutrophication potential, human toxicity, ecotoxicity, ozone depletion potential, and photochemical oxidation potential). The LCC analysis was performed by developing a cost model for internal and external cost categories within the software. The results were supported by a sensitivity analysis. According to the results, the production of raw materials and the firing process in the magnesia spinel brick production were found to have several negative effects on the environment and were costly.
Introduction
Refractories are indispensable in almost all ferrous and non-ferrous industries where high temperature furnace or kilns are being used. More than half of refractory products are preferred in the steel industry, followed by the cement and lime and ferrous and non-ferrous industries. The others are employed in the ceramic and glass industry, incineration, the chemical industry, and many more. Magnesia spinel bricks are generally used in the cement and steel industries. Worldwide, 8 million tons of refractories are produced on a yearly basis. Consequently, sustainable production of these products has become very important.
Various methods are employed by the refractory industry in the manufacture of bricks. The simplest procedure is to saw shapes from natural or artificially produced raw materials. Highly refractory materials are nowadays manufactured increasingly by fine crushing and wet mixing (Amersfoort, The Netherlands) was used to calculate different environmental impact categories. In addition, the internal and external costs of the magnesia spinel brick were obtained by LCC method. Finally, a sensitivity analysis was performed with 'what-if' scenarios to determine the changes on the LCA results.
Materials and Methods

Life Cycle Assessment
The LCA technique used in this study is based on the ISO 14040 and ISO 14044 guidelines and requirements, consisting of four steps; goal and scope definition, inventory analysis, impact assessment, and interpretation [33] [34] [35] [36] . Data regarding the production process were obtained from the refractory plant, the relevant literature [37] , and also from the software database. CML (Center of Environmental Science of Leiden University) IA method included in licensed SimaPro 8.0.1 software was used for the assessment from the perspectives of impact categories. The impact assessment method implemented as CML-IA methodology is defined for the midpoint approach [38] . LCC analysis was carried out to develop a new economic method for internal cost (i.e., energy, materials, and transport) and external cost (i.e., environmental) categories by using licensed SimaPro 8.0.1 software [39] .
Goal and Scope Definition
The main goal of this study is to identify key issues associated with the life cycle of a magnesia spinel refractory brick. One ton of magnesia spinel refractory brick was chosen as the functional unit. The characteristics of magnesia spinel brick are summarized in Table 1 . A cradle-to-gate LCA was performed and system boundaries are given in Figure 1 . Infrastructure was excluded from the system boundary. Solid waste from production below 2.5% was neglected. Finally, a sensitivity analysis was performed with 'what-if' scenarios to determine the changes on the LCA results.
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Goal and Scope Definition
The main goal of this study is to identify key issues associated with the life cycle of a magnesia spinel refractory brick. One ton of magnesia spinel refractory brick was chosen as the functional unit. The characteristics of magnesia spinel brick are summarized in Table 1 . A cradle-to-gate LCA was performed and system boundaries are given in Figure 1 . Infrastructure was excluded from the system boundary. Solid waste from production below 2.5% was neglected. Environmental impacts of one ton refractory brick are determined by data groups of stages of raw material production, energy consumption, atmospheric emissions, and waste generation. The data were taken from the brick production plant in Turkey, on-site measurements, and EcoInvent (v.3), included in SimaPro 8.0.1.
Raw Material Production
The raw material used for the production of refractory bricks was seawater-sintered magnesia (SWSM) (85%) and sintered spinel (15%). Half of the seawater-sintered magnesia used in refractory brick was provided from Mexico (SWSM-1); the other half is obtained from Netherlands (SWSM-2). The sintered spinel was provided from China. The raw materials were transported to the refractory brick plant by marine and road transportation.
In the SWSM process, magnesium hydroxide (Mg(OH) 2 ) is precipitated from magnesium chloride (MgCl 2 ) and dolomitic lime (including CaO and MgO). The precipitated Mg(OH) 2 is thickened, washed, and dewatered using rotary vacuum filters. Then, a Mg(OH) 2 filter cake is calcined in multiple-hearth furnaces at about 1000˝C to create caustic magnesia, a fine magnesium oxide powder. After calcination, the caustic magnesium oxide (MgO) is compacted into briquettes and densified by sintering in vertical shaft kilns at temperatures of over 1900˝C. Life cycle inventory data for one ton of SWSM (MgO) obtained from related plants and literature [37] are shown in Table 2 . Most refractory grade sintered spinels are made from a combination of high purity synthetic aluminum oxide (Al 2 O 3 ) and chemical-grade MgO. In this production, MgCO 3 is the starting material for MgO. Its solid state synthesis from magnesia and alumina occurs by interdiffusion (3Mg 2+ Ø 2Al 3+ ) of cations through the product layer between the oxide particles, necessitating the use of high processing temperatures (>1400-1500˝C). Synthesis takes place either in a shaft kiln for sintered spinel. The advantage of sintered spinel is that this is a continuous ceramic process, with controlled feed-rate and uniform temperature distribution in the kiln, leading to a homogeneous product that contributes to the excellent high-temperature properties. Life cycle inventory data of sintered spinel production are given in Table 3 . Table 3 . Life cycle inventory data of one ton of sintered spinel.
Natural Resources
Unit Amount 
Experimental
Raw materials were taken into silos in various fractions after the crushing/milling and sieving processes. Material and energy inventories of refractory brick production process can be seen in Table 4 according to the functional unit. Measurement of the gas emissions during firing was carried out by an accredited laboratory during the magnesia spinel refractory brick production process. Table 4 . Material and energy inventories of the production of one ton of refractory brick.
Materials and Energy
Unit Amount CO and CO 2 , NO x and SO 2 were determined by electrochemical cell method according to TS ISO 12039, EPA CTM-022 and ISO 7935, respectively. Particulate matter was withdrawn isokinetically from the source and collected on a glass fiber filter and was determined gravimetrically after the removal of uncombined water (TS ISO 9096, TS EN 13284-1). Hydrogen fluoride and hydrogen chloride concentrations were determined with alkaline absorbing solutions in samples that are withdrawn isokinetically (EPA Method 26 A). Concentrations of volatile organic compounds (VOC) were obtained by activated carbon and solvent desorption method (TS EN 13649). For heavy metal analyses, a stack sample was withdrawn isokinetically from the source, particulate emissions were collected with a probe on a heated filter, and gaseous emissions were then collected in an aqueous acidic solution. Then, the recovered samples were digested and analyzed with ICP-OES (EPA Method 29). Formaldehyde concentration was determined according to acetyl acetone colorimetric method (EPA Method 323). The results are given for one ton of brick production in Table 5 . The solid waste below 2.5 wt % was neglected. Eight impact categories included by the CML-IA baseline (v.3) method were investigated: abiotic depletion (elements and fossil fuel) (kg Sb eq. and MJ), acidification (kg SO 2 eq.), photochemical oxidation (kg C 2 H 4 eq.), global warming potential (kg CO 2 eq.), ozone layer depletion (kg CFC-11 eq.), eutrophication (kg PO 4 3´e q.), human toxicity (kg 1,4-DB eq.), and ecotoxicity (fresh water, marine aquatic, and terrestrial) (kg 1,4-DB eq.). All the impact calculations were performed with the licensed LCA software SimaPro 8.0.1.
Life Cycle Cost (LCC) Analysis
In this part of the study, LCC analysis of the refractory bricks production process was carried out in five steps (Figure 2 ). The functional unit was selected as "one ton of magnesia spinel refractory brick" and the system boundaries were taken as LCA studies.
CO and CO2, NOx and SO2 were determined by electrochemical cell method according to TS ISO 12039, EPA CTM-022 and ISO 7935, respectively. Particulate matter was withdrawn isokinetically from the source and collected on a glass fiber filter and was determined gravimetrically after the removal of uncombined water (TS ISO 9096, TS EN 13284-1). Hydrogen fluoride and hydrogen chloride concentrations were determined with alkaline absorbing solutions in samples that are withdrawn isokinetically (EPA Method 26 A). Concentrations of volatile organic compounds (VOC) were obtained by activated carbon and solvent desorption method (TS EN 13649). For heavy metal analyses, a stack sample was withdrawn isokinetically from the source, particulate emissions were collected with a probe on a heated filter, and gaseous emissions were then collected in an aqueous acidic solution. Then, the recovered samples were digested and analyzed with ICP-OES (EPA Method 29). Formaldehyde concentration was determined according to acetyl acetone colorimetric method (EPA Method 323). The results are given for one ton of brick production in Table 5 . The solid waste below 2.5 wt % was neglected. Eight impact categories included by the CML-IA baseline (v.3) method were investigated: abiotic depletion (elements and fossil fuel) (kg Sb eq. and MJ), acidification (kg SO2 eq.), photochemical oxidation (kg C2H4 eq.), global warming potential (kg CO2 eq.), ozone layer depletion (kg CFC-11 eq.), eutrophication (kg PO4 3− eq.), human toxicity (kg 1,4-DB eq.), and ecotoxicity (fresh water, marine aquatic, and terrestrial) (kg 1,4-DB eq.). All the impact calculations were performed with the licensed LCA software SimaPro 8.0.1.
In this part of the study, LCC analysis of the refractory bricks production process was carried out in five steps (Figure 2 ). The functional unit was selected as "one ton of magnesia spinel refractory brick" and the system boundaries were taken as LCA studies. Cost components of the production of one ton of magnesia spinel refractory brick were examined in two parts: internal and external (Table 6 ). Internal cost data regarding the refractory brick production were obtained from the plant and the relevant literature [30] . The results of the LCA study were used for environmental costs. Internal and external costs are given in Tables 7 and 8 . Unit costs for external costs were obtained from Banar and Özdemir (2015) [30] . The structure of the method consists of four components: general properties, characterization, damage assessment, and weighting. These general properties were the first component in the creation of a new economic method in the software. As a next step, characterization, the required cost types together with their unit cost ($/kg) were added under "impact category". Damage assessment was the second component, which was defined in the top level cost category as "damage category". In the easiest case, everything is in one currency and at one time; the factor will then be 1. Weighting was the final component on the method. A weighting factor has been entered as "1" for simple addition of all cost categories, which is often a useful approach. Normalization has not been taken into account since it is commonly not applied in LCC.
Results
LCA Results
According to the CML-IA method, total life cycle assessment results of one ton of magnesia spinel refractory brick are summarized in Table 9 and total characterization and normalization results are given in Supplementary Materials (Tables S1 and S2 ). According to the tables, marine aquatic ecotoxicity, acidification, and global warming potential are the main effects. The distributions of indicators based on the processes are given in the Supplementary Materials ( Figure S1 ). Element basis Abiotic Depletion Potential (ADPe) is related with consumption of elements and minerals. The effect of two different sea water magnesia to ADPe were almost the same (37%) and higher than the others. The effect of these stages are followed by crushing/milling/sieving (7.51%), forming (7.51%), and sintered spinel process (5.54%). Chromium (45.1%), uranium (39.9%), and nickel (10.3%) cause this effect because of raw material extraction.
Fossil fuels basis ADP (ADPff) impacts of SWSM-1 and SWSM-2 are 35% and 33%, respectively. Natural gas consumption is the dominant effect (61%) in the ADPff. It is followed by coal (21%) and crude oil consumption (18%).
Acidification potential (AP) mainly resulted from drying and firing process emissions with 84.1%. Impact percentages of SWSM-1, SWSM-2 and sintered spinel are low compared to the drying/firing process. On a pollutant parameter basis, it was determined that the SO 2 and NO x contents of stack gas have the greatest effect on the acidification potential at 92.5% and 7.4%, respectively.
Eutrophication Potential (EP) mainly results due to emission of nitrogenous and phosphorous compounds. The SWSM-1 and SWSM-2 production are influenced by 32.5% and 32%, respectively. These productions are followed by the firing process of the refractory brick (20.5%), sintered spinel production, and other subprocesses in refractory brick production.
Global Warming Potential (GWP) is affected mainly by the firing process in the refractory brick production (68.6%). The effects of two different sea water magnesia on global warming potential are 13.5% and 13.2% for SWSM-1 and SWSM-2, respectively. It is determined that CO 2 emissions released into the atmosphere during the calcination process in sintered magnesia production cause this impact.
Ozone Depletion Potential (ODP) is affected by seawater magnesia production by about 70%. Other subcategories that affect the ozone layer depletion are drying/firing process and sintered spinel production. Halogenated gases resulting from the drying and firing processes in refractory brick production and sintered magnesia production are the dominant causes this impact.
Photochemical Oxidation Potential (POP) is primarily influenced by the drying/firing processes during refractory brick production, by 87%, due to the emissions in the stack. It is followed by raw materials (SWSM-1, SWSM-2, and sintered spinel) production.
Human Toxicity Potential (HTP) is affected by the drying and firing processes in refractory brick production (93%) because of hydrogen fluoride and benzene emissions. Emissions into water have a significant effect on human toxicity, with prominent elements including selenium, vanadium, nickel, and barium.
Marine Aquatic Ecotoxicity Potential (MAETP) is affected by refractory brick production (98.8%) due to the effect of fluorinated gases. Emissions into water have a significant effect on MAETP, with prominent elements including vanadium, beryllium, nickel, cobalt, and selenium.
Fresh Water Aquatic Ecotoxicity Potential (FAETP) is caused by seawater magnesia production (97%). It is determined that fluorinated gas emissions cause FAETP; and prominent elements in water emissions are nickel, copper, beryllium, and arsenic.
Terrestrial Ecotoxicity Potential (TEP) is contributed by SWSM-1 (40.4%) and SWSM-2 (38.8%) production. This occurs during extraction of raw materials for magnesite production. In addition, chromium (VI), zinc, nickel, beryllium, and formaldehyde, released during electricity generation for forming and crushing/milling processes, etc., have a significant effect on terrestrial ecotoxicity.
LCC Results
The LCC results of one ton of magnesia spinel refractory brick and distribution of cost components are given in Table 10 . According to the results, total cost is mainly shared by external and internal costs with percentages of 60% and 33%, respectively. When considering environmental costs, 83.9% represents refractory production, the most affected subcategory. This is followed by seawater magnesia production. In addition to this observation from Table 10 , although SWSM-1 and SWSM-2 are supplied from two different plants from abroad, these plants have almost the same environmental costs ($492 and $483, respectively). Considering the environmental costs of the production of one ton of magnesite spinel refractory brick based on impact categories, it is observed that the maximum cost among the categories is attributed to ozone layer depletion.
Sensitivity Analysis
Environmental performance of refractory brick production can be improved with the best available techniques. According to EIPPCB (European Integration Pollution Prevention Control Bureau) documents, the energy requirements for the drying/firing process of magnesite-containing refractories are given in Table 11 . According to Best Available Technologies Reference (BREF) documents, the energy requirement for the drying/firing process of magnesite = containing refractories is about 3-6.3 MJ/kg. When the energy consumption is reduced from the current system to 3 MJ/kg (decreased by 8.4%) in the firing process of refractory production, a refractory plant can reach the minimum energy value given in the EIPPCB document. Table 12 shows the minimum and maximum emission values of magnesite containing refractories in BREF documents. For sensitivity analysis, energy consumption is reduced by 8.4% and emission values are decreased according to the BREF document. Sensitivity analyses were performed in two what-if scenarios: (i) energy reduction only; (ii) energy reduction and emissions decreasing. A graph is given in Figure 3 . It shows that an 8.4% energy decrease s slightly lowers some environmental impact values. It is seen that human toxicity, marine aquatic ecotoxicity, photochemical oxidation formation, and acidification effects are decreased by a reduction in energy and emissions. As human toxicity is related to the HF component, reduction of this emission value decreases this impact category by 51%. Reduction of fluoride gas emissions decreases the marine aquatic ecotoxicity impact category by 60%. Change in the amount of SO 2 affects some impact categories, especially acidification, and leads to a decrease in these impact categories by 5.4%. SO 2 emissions from firing process of refractory brick production causes photochemical oxidation and reduction of this emission component provides an improvement of this impact category by 35%. 
Discussion
The environmental impacts of the magnesia spinel refractory brick production process mainly resulted from the drying/firing process. The emissions of fluorinated gases SO2, NOx, and CO2 during the production process contributed to marine aquatic ecotoxicity, acidification, and potential global warming. The seawater-sintered magnesite production process is another important process 
The environmental impacts of the magnesia spinel refractory brick production process mainly resulted from the drying/firing process. The emissions of fluorinated gases SO 2 , NO x , and CO 2 during the production process contributed to marine aquatic ecotoxicity, acidification, and potential global warming. The seawater-sintered magnesite production process is another important process due to raw material consumption, halogenated, phosphorus, and heavy metal emissions. Raw material consumption caused abiotic depletion while emissions are responsible for eutrophication, ozone layer depletion, and freshwater aquatic and terrestrial ecotoxicity. Stack gas released during the sintering process also has a negative effect on the environment due to its VOC and CO content. Taking these results into consideration, it can be suggested that air pollution control equipment should be improved in order to decrease the environmental impacts. An activated carbon unit will be able to remove the VOC constituent. The presence of CO indicates that the combustion process has an inappropriate air/fuel (A/F) ratio. Thus, further improvement is also required in A/F for CO and VOC removal.
LCA and LCC, when carried out in an integrated manner and from a systems perspective, have a high potential for moving industrial practice towards sustainable development. Furthermore, an LCC analysis integrated with LCA may contribute to more sustainable decision-making in refractory industries, taking into account long-term costs and environmental consequences. Environmental costs account for approximately 60% of the total cost of this process due to emissions.
Conclusions
This study shows that LCA and LCC are useful tools to determine the environmental and economic performance of refractory materials. In addition to this, the results can be used to prepare a Product Category Rule (PCR) since there is no certain PCR on magnesia spinel refractory brick production. A prepared PCR would increase the refractory products with EPD certificate on the construction area.
Finally, a comparable environmental database would be obtained to select the product with the highest environmental performance.
Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/8/7/662/s1. Figure S1 : Distribution of indicators based on processes, Table S1 : LCA characterization results, Table S2 : LCA normalization results.
